Determining the fate and survival of genetically engineered microorganisms released into the environment requires the development and application of accurate and practical methods of detection and enumeration. Several experiments were performed to examine quantitative recovery methods that are commonly used or that have potential applications. In these experiments, Erwinia herbicola and Enterobacter cloacae were applied in greenhouses to Blue Lake bush beans (Phaseolus vulgaris) and Cayuse oats (Avena sativa). Sampling indicated that the variance in bacterial counts among leaves increased over time and that this increase caused an overestimation of the mean population size by bulk leaf samples relative to single leaf samples. An increase in the number of leaves in a bulk sample, above a minimum number, did not significantly reduce the variance between samples. Experiments evaluating recovery methods demonstrated that recovery of bacteria from leaves was significantly better with stomacher blending, than with blending, sonication, or washing and that the recovery efficiency was constant over a range of sample inoculum densities. Delayed processing of leaf samples, by storage in a freezer, did not significantly lower survival and recovery of microorganisms when storage was short term and leaves were not stored in buffer. The drop plate technique for enumeration of bacteria did not significantly differ from the spread plate method. Results of these sampling, recovery, and enumeration experiments indicate a need for increased development and standardization of methods used by researchers as there are significant differences among, and also important limitations to, some of the methods used.
The monitoring of genetically engineered microorganisms released into the environment requires accurate and efficient sampling, recovery, and enumeration methods. The majority of research on detection and quantification of microorganisms has considered released microorganisms in controlled or relatively simple environments or indigenous, rather than applied, microorganisms in more complex environments. The development and comparison of standard methodologies for detecting and enumerating microorganisms applied to the phylloplane have been minimal.
Factors which must be considered in developing a sampling scheme for microorganisms applied in natural environments include the size, frequency, and manner of selection of samples. Most researchers studying microbial populations on leaves use bulk samples of varying leaf numbers (12, 13) . The issue of sample size, specifically, whether leaf samples should be collected and processed individually or pooled, has been addressed by several researchers (6, 7) . In their experiments the distribution characteristics of indigenous epiphytic bacterial populations have been assessed; results indicate a lognormal distribution of the indigenous bacteria and an overestimation of the median value of a population when bulk samples are used. These researchers have developed an algorithm which compensates for this overestimation by using the variance of the population that is calculated from single leaf samples. The question of whether similar distribution characteristics exist for applied bacteria and the feasibility of using such algorithms in population estimates of applied bacteria have not been addressed.
Assuming the collection of representative samples, effi-cient and consistent methods of recovery of the microorganisms from the samples must be developed. The recovery method needs to be consistent among samples, and the efficiency should also be independent of the species of the microorganism and of the length of time since its application. In addition, an assay method should recover the same relative proportion of microorganisms over a range of leaf densities of microorganisms (2) . Four processing methods for the recovery of microorganisms from leaves, washing, blending, stomacher blending, and sonication, are commonly used by researchers (3, 11, 14, 17) . Only some of these methods have been compared and may vary in their effectiveness, and yet results of studies from laboratories which use different processing methods are frequently compared. The plating of microorganisms recovered from samples requires not only a high degree of accuracy and reproducibility but also expediency, as field sampling frequently involves large numbers of samples. The use of drop, rather than spread, plating has been suggested and has the advantage of greatly reducing the number of plates which must be prepared, inoculated, and counted (1, 9) . Delayed processing of collected samples, such as by storage at room or freezing temperatures, has also been used to make large experiments more manageable (8) . Experimental and statistical evaluation of these methods has been limited.
To address the aforementioned concerns, several aspects and types of methods were evaluated in experiments following application of Erwinia herbicola and Enterobacter cloacae to Blue Lake bush beans (Phaseolus vulgaris) and Cayuse oats (Avena sativa). To examine sampling methodology, differences between single and bulk leaf samples and the effect of bulk sample size were evaluated. In evaluating the recovery of microorganisms from samples, the concentration of microorganisms in the sample, the time between collection and processing of samples, and the mechanical device used to process samples were all considered. To Effect of bacterial concentration in sample on recovery efficiency. Three-week-old bean plants, grown in trays as described previously, were sprayed with a plastic misting bottle until runoff with bacterial suspensions prepared as described previously. Two experiments used Erwinia herbicola and two experiments used Enterobacter cloacae (EPA 107A; isolated from the gut of the cutworm P. saucia, resistant to 500 ,ug of nalidixic acid per ml ously, were sprayed with a plastic misting bottle until runoff with a ca. 3 x 107-CFU/ml suspension of Erwinia herbicola in phosphate buffer (prepared as described previously). Six samples, four leaves per sample, were aseptically collected for each treatment, placed in sterile lab bags, and weighed. Treatments consisted of freezing samples at -20°C for 1, 3, or 14 days, with and without the addition of 20 ml of phosphate buffer before freezing. Two hours postspray, samples were immediately processed in a Stomacher LabBlender in 20 ml of phosphate buffer for 1 min and serially diluted in phosphate buffer. Dilutions were drop plated in duplicate on LB agar plus 500 jig of nalidixic acid per ml and 100 ,ug of cycloheximide per ml and incubated for 24 h at 30°C. On days 1, 3, and 14, frozen samples were thawed for 30 min at room temperature, 20 ml of phosphate buffer was added to those samples frozen without buffer, and samples were processed and plated as described above. Three weeks after the plants had been sprayed, samples were again collected to examine whether the effects of immediate and delayed processing on recovery were different for plants with established bacterial populations. Sample size, processing, and plating were the same as above except that samples were frozen for 0, 1, 3, or 6 days and all samples were frozen without the prior addition of phosphate buffer.
Colony the dilution factor. Adjusted colony counts were used in the SAS ANOVA and Student-Newman-Keuls test to test for significant differences in counts between the spread and drop plate methods.
RESULTS
Sampling experiments: single versus bulk leaf samples and sample size. In all three experiments, bacterial counts from single leaf and bulk leaf samples collected 1 to 7 days after application were similar but were significantly (P < 0.05) higher for bulk samples collected 14 days or longer after bacterial application (Fig. 1) . Over the three experiments, the bulk leaf sample values fell within the 95% confidence intervals of the single leaf samples only 33% of the time, indicating that the bulk leaf samples overestimated 66% of the time. Application of an algorithm for correcting values obtained from bulk leaf samples produced corrected bulk values that were similar to those of the single leaf samples 70% of the time (Fig. 1) . In all three experiments, histograms of single leaf samples indicated a lognormal distribution and the variance/mean ratio for the single leaf samples increased over time (Fig. 2) .
In sample variance versus leaf number per sample, for all three sample days, declined with an increase in sample size but the decline beyond two leaves per sample was not significant (P < 0.05) (Fig. 3) .
Recovery experiments: comparison of processing methods. The ANOVA of the log CFU-per-gram values from the four recovery methods indicated a significant (P < 0.01) effect of the methods on numbers of bacteria recovered on both days 0 and 15 ( Table 1 ). The comparison of means test, for combined day 0 and 15 values, indicated that all methods were significantly (P < 0.05) different from one another and ranked, from best to worst, in efficiency of numbers of bacteria recovered as follows: stomacher blending, blending, sonication, washing.
Effect of bacterial concentration in sample on recovery efficiency. In all of the experiments, plotting of the CFU-pergram values against proportion of sprayed leaves produced a straight line (Fig. 4) . The linearity of the data and the high coefficient of determination values (Table 2) indicate that recovery with stomacher blending is constant over a range of leaf bacterial populations.
Effect of freezing samples on recovery of bacteria. In the experiment with samples collected 2 h after bacteria were applied to the plants, bacterial numbers declined the longer the samples were frozen and when buffer was added to the samples before freezing. Although the number of bacteria recovered from samples frozen for only 1 or 3 days, without the addition of buffer, did not significantly differ from samples that were processed immediately, the number of bacteria recovered from samples frozen for 14 days was significantly lower (Table 3) . For all periods of freezing, the addition of buffer to samples before freezing, compared with that after freezing, resulted in lower recovery levels of bacteria.
In the experiment with samples collected 21 days after application of the bacteria to the plants, the comparison of means test indicated no difference in number of bacteria recovered among the freezing treatments (Table 4) .
Plating experiments: comparison of drop and spread plating. Colony counts did not significantly differ (P < 0.05) between drop and spread plates (Table 5) .
DISCUSSION
The results for the sampling, recovery, and enumeration experiments indicate substantial variation in the efficiencies of the methods examined.
Bulk leaf sampling is commonly used in field research, rather than single leaf sampling, because it is considered to be a relatively quick yet representative process for quantifying microbial populations. The spatial pattern of microorganisms applied to plants, assuming an initial even spray, is uniform between leaves in the few days following application. The variance/mean ratios were very low in the initial phases of the experiments but increased with time. This indicates that the variation in the spatial pattern of applied bacteria increases with time and is likely due to such factors as microclimates, unequal distribution of nutrients, and competition from indigenous microbial populations, creating microniches and consequent clustering of the applied microorganisms. Such an increase in the variation of population spatial pattern between individual leaves was observed at approximately 7 days postspray in the sampling experiments. Interestingly, approximately 7 days postspray is also when values for bulk samples began to diverge from those for single leaf samples. A possible explanation is that with a shift in a population from a normal distribution to a lognormal distribution the mean no longer represents the median (6). Hirano et al. found that the magnitude of overestimation of the mean population size by bulk sampling depends on the population variance (6) . The algorithm that we tested (6) used the variance of the single leaf samples to adjust the mean of the bulk sample; when the variance is low, as in the few days after application of the bacteria, little adjustment of the bulk sample values is required. It has also been suggested that larger bulk samples result in more accurate estimates of bacterial populations (4). Our results indicate that the variance between samples containing one or two leaves is quite high but that the variance of samples with five leaves is not significantly higher than that found between samples containing up to 20 leaves. For bulk samples containing a minimum of three leaves, an increase in the number of samples collected, rather than in the number of leaves in each sample, is more important in precise estimation of bacterial populations.
The significant difference in the number of microorganisms recovered by the four processing methods is important as all four methods are commonly used by researchers (3, 11, 14, 17) . Our results suggest that, under the conditions tested, processing of samples in a Stomacher Lab-Blender allows the greatest recovery of microorganisms from the leaf surface along with minimal adverse effects on viability. In addition, the method is also the most expeditious because (i) in the field samples can be collected directly into sterile processing bags; (ii) the processing time of 1 min is relatively quick; and (iii) disposal of the bagged samples is simple. Both the blending and washing methods require sterilization and decontamination of containers, a time-consuming task in experiments with numerous samples. The sonication and, particularly, the washing methods involve long processing times per sample. Processing in a Stomacher Lab-Blender, along with the blending method, does have the disadvantage Consistent recovery over a range of leaf microbial populations is an important attribute of a method for enumerating applied microorganisms. The effectiveness of stomacher blending in providing constant recovery regardless of sample concentration promotes confidence in using the method in extended field trials as the range of population levels of released microorganisms typically increases over time.
In large-scale experiments the collection of samples may be so time-consuming that the processing of the samples on the same day is not possible; an efficient method of delayed processing for such situations would be advantageous. Our results suggest that the freezing of collected samples, with or without the addition of buffer, may adversely affect survival or recovery of microorganisms in the samples. The lack of a significant difference in number of bacteria recovered from samples frozen without buffer which were processed 0, 1, and 3 days after collection in experiment 1 and 0, 1, 3, and 6 days in experiment 2 suggests that a delay of a few days in processing is possible but that longer storage periods are not practical, as indicated by the significant decline in recovery of samples frozen for 14 days. The adverse effect of the prefreezing addition of buffer on number of bacteria recovered may be due to bacterial injury resulting from the freezing and thawing of the buffer (16) .
The lack of a significant difference between the drop and spread plating procedures is noteworthy in that drop plating, because of the large reduction in the number of plates required, is a very practical means of accommodating the large numbers of samples typically necessary in field work. Drop plating four concentrations per plate, each in quadruplicate, uses 1/16 of the number of plates required for similar spread plating. It is advisable, however, always to use at least two drop plates per sample to allow for detection of unintentional differences between plates in media and antibiotic concentration. In addition, the level of detection is 10-fold less than that possible with 100-,lI spread plates because drop plating uses only 10 ,ul of the sample.
The frequency of the release of genetically engineered microorganisms, and of the studies designed to determine the consequent environmental effects, is likely to increase; our results indicate a need for continued development and standardization of the methods required in such studies.
